Background-The atrioventricular (AV) node is essential for the sequential excitation and optimized contraction of the adult multichambered heart; however, relatively little is known about its formation from the embryonic AV canal. A recent study demonstrated that signaling by Alk3, the type 1a receptor for bone morphogenetic proteins, in the myocardium of the AV canal was required for the development of both the AV valves and annulus fibrosus. To test the hypothesis that bone morphogenetic protein signaling also plays a role in AV node formation, we investigated conduction system function and AV node morphology in adult mice with conditional deletion of Alk3 in the AV canal. Methods and Results-High-resolution optical mapping with correlative histological analysis of 28 mutant hearts revealed 4 basic phenotypic classes based on electrical activation patterns and volume-conducted ECGs. The frequency of AV node conduction and morphological abnormalities increased from no detectable anomalies (class I) to severe defects (class IV), which included the presence of bypass tracts, abnormal ventricular activation patterns, fibrosis of the AV node, and twin AV nodes. Conclusion-The present findings demonstrate that bone morphogenetic protein signaling is required in the myocardium of the AV canal for proper AV junction development, including the AV node.
I n the normal heart, the atrioventricular (AV) node electrically connects the atrial and ventricular chambers, which are otherwise insulated from one another by the annulus fibrosus. Slow impulse propagation within the AV node is critical to allow complete filling of the ventricles and thus efficient cardiac function. The AV node, annulus fibrosus, and mitral and tricuspid valves form the AV junction, and these structures are derived at least in part from the embryonic AV canal. 1 In the mouse, detailed microscopy studies defined the AV node primordium that arises from the AV canal at approximately embryonic day (E) 11. 2, 3 This observation was confirmed with both the CCS-lacZ and minK-lacZ conduction system markers. 4, 5 Between E13 and E16, the node develops its characteristic compact, ovoid shape. 6 Although substantial information is available on mechanisms of AV valve development, considerably less is known about the formation and maturation of the AV node itself. 7, 8 
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Bone morphogenetic proteins (BMPs) are multifunctional signaling molecules expressed throughout development in a multitude of tissues, including the AV canal. 9 They are involved in such processes as cell proliferation, migration, differentiation, and apoptosis (reviewed in Chen et al 10 ) . In particular, BMP2 is expressed in the myocardium of the AV canal in E11 to E12 mouse embryos. 11 Germline knockout of the type 1a BMP receptor, Alk3, leads to embryonic death before gastrulation. 12 Cardiomyocyte-specific deletion of Alk3 was lethal to the embryo at mid gestation. 13 Mutant hearts exhibited abnormalities in trabeculation, formation of the compact layer and interventricular septum, and endocardial cushion formation. To study the role of BMP signaling specifically in the AV canal, Gaussin et al 14 conditionally inactivated Alk3 in the AV canal myocardium by expressing Cre recombinase under the transcriptional control of a chicken GATA-6 (cGATA6) enhancer. These studies demonstrated a requirement for BMP signaling in AV valve development and in formation of the annulus fibrosus. In cGATA6-Cre/Alk3 mice, the posterior tricuspid valve was displaced downward, and disruption of the annulus fibrosus led to the formation of accessory conduction pathways in a portion of mutants, a constellation of findings reminiscent of Ebstein's anomaly. 14 To test the hypothesis that BMP signal-ing in AV myocardium is also critical for the development of the AV node, we analyzed the structure and function of the AV node in cGATA6-Cre/Alk3 mice using a combination of high-resolution optical mapping and correlative histology.
Methods

Animals
To target the deletion of Alk3 in cardiac myocytes of the AV canal, mice hemizygous for both cGATA6-Cre 15 and the conventional null Alk3 allele 12 were bred to mice homozygous for the floxed Alk3 allele. 13 This breeding strategy generated 25% of mice in which Cre was present together with a conventional null allele and a floxed allele for Alk3, according to a previously established breeding strategy. 14 In that genotype (Alk3 null/flox , Cre ϩ ), Cre action resulted in AV canal-targeted deletion of Alk3 (cGATA6-Cre/Alk3). The 2 control groups were Cre Ϫ (Alk3 wt/flox , Cre Ϫ ) and Cre ϩ (Alk3 wt/flox , Cre ϩ ) mice. Both control and mutant mice used in the present study ranged in age from 12 to 23 months.
ECGs and Optical Mapping
Surface ECGs were performed under anesthesia as described previously. 16 The methods used to optically map the mouse heart have been described previously. 17 Briefly, hearts were isolated and perfused by the Langendorff method with warm (37°C), oxygenated (95% O 2 , 5% CO 2 ) Tyrode's solution. The Tyrode's solution contained (in mmol/L) NaCl 114, NaHCO 3 25, dextrose 10, KCl 4.6, CaCl 2 1.5, Na 2 PO 4 1.2, and MgCl 2 0.7. Once the heart rate stabilized, it was stained with a bolus of the voltage-sensitive dye Di-4-ANEPPs (8 L of a 2-mmol/L stock solution dissolved in DMSO). The heart was stimulated with a platinum electrode, and volume-conducted ECGs (vECGs) were recorded with Ag-AgCl electrodes placed near the heart. We defined breakthroughs as points on the cardiac surface at which the impulse could be seen radiating out in all directions.
Drug Treatments
Drugs were added to warm Tyrode's solution and perfused through the heart continuously. Initial adenosine treatments ranged from 20 to 80 mol/L and continued at increasing doses until AV block or asystole was observed. Procainamide treatments began at 45 g/mL and continued at increasing dosages until AV conduction was restored or asystole was induced.
Histology
After optical mapping, hearts were perfused with KCl 50 mmol/L followed by 10% neutral-buffered formalin. They were further fixed by immersion in 10% neutral-buffered formalin, embedded in paraffin, and sectioned at 6-m intervals. Staining with Masson's trichrome (Poly Scientific, Bay Shore, NY) was performed according to the manufacturer's protocol.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Activation Pattern of Control Hearts
To assay conduction system function, we used highresolution optical mapping. 17 No difference was detected between the 2 control groups in terms of activation patterns (data not shown), average PR intervals (meanϮSEM except where indicated: Cre Ϫ 39Ϯ3 ms, nϭ3; Cre ϩ 40Ϯ3 ms, nϭ3), and AV nodal morphology. Anterior and posterior maps are presented. For orientation purposes, the anterior maps were obtained from the front of the heart with right and left ventricles in view, whereas the posterior maps were recorded from the back of the heart. In the normal heart, after the AV delay, impulses traveled down the His bundle, split to the right and left bundle branches, and were rapidly delivered to the ventricles via the Purkinje fiber network. On the anterior epicardial surface, 2 breakthroughs that began near the apex of the right and left ventricles were typically observed ( Figure  1A ). vECGs recorded simultaneously showed normal AV conduction in control hearts ( Figure 1B ). On the posterior surface, 2 different patterns were observed. In the first, the impulse came around from the anterior side ( Figure 1C ), and in the second, the impulse emerged from the apex and propagated along the septal surface ( Figure 1D ).
Class I: Normal Activation Patterns and Nodal Morphology
We studied a total of 28 mutant hearts. Of these, 9 hearts displayed activation patterns that were indistinguishable from controls ( Figure 2 ). vECGs in these class I mutants showed similar PR intervals compared with control mice (not shown). The hearts of 3 class I mutants were processed for histological analysis of the AV node. Sections were stained with Masson's trichrome to visualize fibrous tissue in blue. In control hearts, the AV node was a clearly discernible compact structure isolated from the chamber myocardium by fibrous tissue ( Figure 3A through 3D). No morphological anomalies were detected in the AV nodes of any of the 3 class I mutant hearts analyzed ( Figure 3E and 3F).
Class II: Intermittent Bypass Conduction
The second group of mutant mice was identified during the optical mapping studies. These cGATA6-Cre/Alk3 mice had normal surface ECGs, but the isolated hearts showed evidence of a bypass tract ( Figure 4A and 4B). This behavior was observed in 6 of 28 mice studied. As observed clinically in individuals with ventricular preexcitation, 18 impulse conduction in this class of mutants switched between AV nodal conduction and bypass pathways ( Figure 4C through 4E). Shorts runs of preferential conduction over accessory pathways could be detected by vECG, but impulse propagation in the mutant hearts was primarily through the AV node. In the majority of class II cGATA6-Cre/Alk3 mice (5 of 6), AV impulses from the apex and accessory impulses from the base were seen to collide on the posterior epicardial surface ( Figure 4D ), although the vECG was normal at the time ( Figure 4D ). These findings suggest that AV conduction was preserved, but accessory conduction pathways were also present. Histology data supported this notion, because sections through 2 class II cGATA6-Cre/Alk3 hearts revealed no detectable difference in AV node morphology compared with controls ( Figure 3G and 3H).
Class III: Primary Bypass Conduction
AV conduction in class III animals occurred exclusively or predominantly through accessory pathways associated with short PR intervals (mean interval 10Ϯ2 ms, nϭ7). Mice with this behavior were recognized previously 14 and accounted for 7 of 28 animals in the present study. The PR interval in this class was greatly abbreviated or not present, and a delta wave was observed ( Figure 5A ). The impulse in class III mutant hearts was observed by optical mapping to travel from the base to the apex of the ventricle (Figure 5C ). Such a pattern was never seen in control hearts. Six class III hearts were treated with the type 1A antiarrhythmic agent procainamide. In 1 heart, treatment was able to block conduction over the bypass track and restored AV nodal conduction ( Figure 5B and 5D). 19 Gross morphological examination of this heart revealed a clear external connection between the coronary Figure 5E and 5F). The remaining 5 treated hearts exhibited either AV block or bypass, and normal AV conduction was never restored (nϭ5; Figure 5G and 5H). These data suggest that AV nodal conduction in these hearts was severely compromised. In agreement with this interpretation, histological examination of 4 class III hearts demonstrated obvious AV nodal defects (nϭ3). Two hearts exhibited fibrosis within the AV node. The fibrosis pushed apart the nodal cells, slightly altering the morphology and likely impairing the ability of impulses to propagate through the node (Figure 6A and 6B) . Fibrosis was never detected in control AV nodes ( Figure 3A through 3D) . The morphology of the third node was extremely disrupted. Rather than a compact, ovoid structure as observed in control hearts ( Figure 3A through 3D) , the node appeared as a twisted, Y-shaped structure ( Figure 6C and 6D ).
Class IV: Severe AV Dysfunction
Class IV mutants had the most atypical activation patterns (nϭ6 of 28). In contrast to control hearts ( Figure 7A ), class IV mutant activation maps showed breakthroughs along the anterior septal surface rather than the apex (Figure 7C and 7E). These mutants had either normal (nϭ2) or prolonged PR intervals measured from vECGs (mean interval 54Ϯ1 ms; nϭ4), which indicates that the impulse was conducted through the node (Figure 7B , 7D, and 7F). In support of the notion that conduction was nodal and not through a slowconducting bypass tract, adenosine treatment of the majority of mutant hearts led to block (nϭ4 of 5) at the same concentrations (10 to 40 mol/L) as in controls. To test whether an abnormal activation pattern would arise from a defect in the ventricular muscle itself, conduction velocities were calculated from maps generated during pacing of the left ventricle and showed no significant difference between mutant and control hearts (data not shown). The entire study was conducted with mice aged 12 to 23 months. Interestingly, no evidence existed of increased-age-related abnormal activation pattern or heart block in control or mutant mice.
Histological analysis revealed that all class IV mutant hearts had AV node abnormalities (nϭ3 of 3; Figure 8 ). In 1 class IV cGATA3-Cre/Alk3 heart, the AV node appeared stretched and with a loose morphology ( Figure 8A and 8B) relative to control ( Figure 3A through 3D) . The other 2 class IV mutant hearts had twin AV nodes ( Figure 8C through 8F) . Intriguingly, 1 of these hearts had a relatively normal PR interval, whereas the other showed first-degree block.
Discussion
BMP signaling plays a key role in diverse aspects of cardiac differentiation and morphogenesis. Previous studies have indicated that Alk3 is required in cardiac myocytes subsequent to the onset of cardiac fate, playing an essential role in morphogenesis of the ventricular septum, trabeculae, compact myocardium, and endocardial cushion formation at mid gestation. 13 More recently, Gaussin and colleagues 14 targeted the inactivation of Alk3 more specifically to cardiac myocytes of the AV canal. These studies demonstrated a role for BMP signaling in tricuspid and mitral valve formation and development of the annulus fibrosus. 14 In the present study, we tested the hypothesis that Alk3 is also required for normal formation and function of the AV node.
For this, cGATA6-Cre/Alk3 mice were analyzed with a combination of high-resolution optical mapping of cardiac impulse propagation, vECG, and correlative histological analysis. We identified a broad range of defects in AV conduction and associated abnormalities in AV nodal structure in these mutant mice. We defined 4 phenotypic classes of mutants in which the frequency of AV node conduction and morphological abnormalities increased from no detectable defects (class I) to severe defects (class IV).
Class I mutant hearts were indistinguishable from control hearts. Class II mutants were defined by the presence but intermittent use of accessory conduction pathways. In these hearts, impulses traveled through the AV node the majority of the time, and AV node morphology appeared normal. In contrast, class III cGATA6-Cre/Alk3 hearts rarely if ever Figure 5 . Effects of procainamide in class III mutant hearts. vECG and activation maps before (A and C) and after (B and D) treatment with procainamide. In this particular heart, procainamide blocked conduction over the bypass tract, shifting conduction to the AV node pathway. E, From the posterior aspect of a control heart, the atria (RA) and coronary sinus (CS) were clearly visible. F, In the class III mutant heart shown in A through D, a connection (indicated by white arrows) was visible between the coronary sinus region and the ventricle. The remaining 5 class III mutant hearts showed no response to procainamide treatment. G and H, Representative vECGs of a nonresponsive class III mutant before (G) and after (H) a high dose (160 g/mL) of procainamide. Impulse propagation continued through the accessory conduction pathway. P indicates atrial depolarization; QRS, ventricular depolarization; LV, left ventricle; RV, right ventricle; and A, Apex. conducted impulses through the AV node, even with procainamide treatment. The preference for bypass versus AV nodal conduction suggested a possible defect in the AV node itself. Histological data confirmed AV node anomalies in 3 of 4 class III hearts, including fibrosis within the node itself and abnormal node shape. Class IV mutants were the most striking, with extremely abnormal activation patterns and no evidence of a bypass tract as determined by AV conduction times. All class IV hearts exhibited AV node abnormalities. In particular, sections from 2 class IV hearts revealed twin AV nodes.
The age of mice used in the present study ranged from 12 to 23 months, and no correlation was detected between age and severity of defect. Surface ECG data, albeit limited in number, indicated that mice that fell into class III showed exclusive bypass conduction when sampled at multiple time points beginning as early as 2 months of age. Thus, currently, no evidence exists that the defects were progressive. Rather, it is very likely that the extent and/or location of Cre recombination during development was the determining factor in the extent of AV conduction dysfunction. 15 This suggests that BMP signaling in AV myocardium is not required for maintenance of the AV node function in the adult but rather for proper development of the AV junction.
BMP Signaling in AV Canal Development
The different phenotypes in the 4 classes of mutants identified by optical mapping could have different developmental origins. The cGATA6 enhancer used in the present study is active in 2 posterior and lateral regions of the heart field at E7.5 through E8.5 and becomes restricted to the AV canal myocardium at E9.5. 15 Lineage, anatomic, and expression studies have shown the AV myocardium contributes to the AV valves, AV node, His bundle, and the myocardium adjacent to the annulus fibrosus. 1, 14, 15, 20 Thus, the development of a number of structures could be affected by alterations in BMP signaling in the AV canal. Studies from chick embryos have revealed that early in development, myocytes of the AV canal dissociate, and the resulting space is filled with extracellular matrix. This coincides with the detection of slow AV conduction through the canal. [21] [22] [23] If tight cellular connections were maintained between even a portion of AV myocytes, it could lead to the accessory pathways observed in class II and III hearts in the present study. Formation of the AV node and the His bundle occurs as the endocardial cushions fuse, the central fibrous body forms, and ventricular septation is complete, with only 1 pathway left for impulse conduction. In class IV hearts, AV conduction was perturbed without the presence of a bypass tract. The impulse breakthrough in these hearts occurred on the anterior septal surface, which suggests a disruption within the central conduction system of the node, bundle, and bundle branches. One possibility is that BMP signaling is required to maintain proper continuity between the AV node and His bundle or the His bundle and the bundle branches. No cGATA6-Cre- mediated recombination has been detected in the bundle branches or Purkinje fibers. 15 Alternatively, disrupted BMP signaling could affect patterning of the AV canal, thereby impacting formation of the entire central conduction system. 24 -28 Detailed analysis of conduction system morphology and function during development may assist in resolving the origin of these AV defects in cGATA6-Cre mice.
Clinical Significance
Inherited cardiac conduction system defects, although rare, still pose a serious health risk for those afflicted. The abnormalities seen in cGATA6-Cre/Alk3 mice resemble those seen in human disorders such as Ebstein's anomaly and AV conduction disease. 29, 30 Both of these conditions in patients have been associated with mutations in the BMP target Nkx2.5. 30 -32 This suggests that BMP signaling through the Alk3 receptor and other downstream components may play a role in congenital conduction system defects. Furthermore, understanding the mechanisms of both normal and ectopic fibrous deposition in the heart is of great interest. Interruption of conduction system tissue by fibrosis is the most common cause of complete heart block. 33 The cGATA6-Cre/Alk3 mouse provides a new avenue for investigation into congenital heart defects and underscores the importance of BMP signaling in AV canal myocardium for proper formation of the mature AV junction.
